Low radio frequency experiments performed on Earth are contaminated by both ionospheric effects and radio frequency interference (RFI) from Earth-based sources. The lunar farside provides a unique environment above the ionosphere where RFI is heavily attenuated by the presence of the Moon. We present electrodynamics simulations of the propagation of radio waves around and through the Moon in order to characterize the level of attenuation on the farside. The simulations are performed for a range of frequencies up to 100 kHz, assuming a spherical lunar shape with an average, constant density. Additionally, we investigate the role of the topography and density profile of the Moon in the propagation of radio waves and find only small effects on the intensity of RFI. Due to the computational demands of performing simulations at higher frequencies, we propose a model for extrapolating the width of the quiet region above 100 kHz that also takes into account height above the lunar surface as well as the intensity threshold chosen to define the quiet region. This model, which we make publicly available through a Python package, allows the size of the radio quiet region to be easily calculated both in orbit or on the surface, making it directly applicable for lunar satellites as well as surface missions.
Introduction
Low radio frequency experiments have the potential to make scientific breakthroughs in a number of different fields in astronomy. One such application is to observe the 21-cm spectrum of neutral hydrogen (HI) in the early universe.
The hyperfine or "spin-flip" transition line of HI at a wavelength of 21-cm arises from the interaction between the magnetic moments of the The data show contamination from both terrestrial RFI (horizontal bands) and solar radio bursts (vertical lines). The intensity is measured relative to the galactic brightness. The intensity scale is limited to the maximum measured intensity, which is well below the saturation level of the instrument.
at which point the InterGalactic Medium (IGM) became fully ionized rendering the 21-cm line unobservable. For a more detailed overview of 21-cm cosmology, see Furlanetto et al. (2006) , Pritchard and Loeb (2012) , Loeb and Furlanetto (2013) , and Morales and Wyithe (2010) .
Several ground-based experiments are currently aiming to measure the 21-cm spectrum, with notable recent success. The Experiment to Detect the Global EoR Signature (EDGES) recently reported the detection of an absorption trough centered at 78 MHz (z ∼ 17), which constitutes the first ever observational measurement of the 21-cm spectrum (Bowman et al., 2018) . 21-cm spectrum measurements, in particular the Dark Ages portion of the spectrum at lower frequencies, may also be observed from space. The Dark Ages Polarimeter Pathfinder (DAPPER) 1 primarily aims to measure the 17-38 MHz portion of the 21-cm spectrum while in orbit behind the farside 1 https://www.colorado.edu/project/ dark-ages-polarimeter-pathfinder/ in order to test for physics beyond the standard cosmological model (Burns et al., 2019a) .
In addition to opening a new window to the early universe, low frequency observations may also play a key role in the search for habitable planets outside of the solar system. Habitable planets must possess a magnetosphere capable of retaining a sufficient atmosphere. The magnetic environment of the host star must also be taken into account. Coronal mass ejections and strong stellar winds may deplete the atmosphere of a planet that would otherwise lie in the habitable zone Lammer et al., 2007) . This is particularly important for M dwarfs, which are very common and therefore may be good targets for exoplanet search programs, but are also known to be magnetically active compared to the Sun. Stellar magnetic events are often accompanied by radio bursts, which can be detected at low radio frequencies (Cairns et al., 2003) . Furthermore, planetary magnetic fields produce radio emission at low frequencies from cyclotron radiation due to auroral processes (Zarka, 1998) . Direct detection of this auroral radiation is the only method for direct observations of planetary magnetospheres. The Farside Array for Radio Science Investigations of the Dark ages and Exoplanets (FARSIDE) is a probe-class NASAfunded concept study to take advantage of the unique radio environment directly on the surface of the lunar farside. By deploying 128 antennas across a 10 km × 10 km area, FARSIDE will be able to image the entire sky between 200 kHz and 40 MHz (Burns et al., 2019b) .
Ground based measurements at low radio frequencies are limited by both ionospheric effects and the presence of human generated radio frequency interference (RFI). Below ∼40 MHz the ionospheric effects distort incoming radio signals (see e.g., Vedantham et al. 2014; Vedantham and Koopmans 2016; Rogers et al. 2015; Datta et al. 2016) . Below the plasma frequency, which depends on the electron density but is generally ∼ 9 MHz, the ionosphere is effectively opaque to electromagnetic radiation. Even above Earth's ionosphere, terrestrial RFI signals may still contaminate observations at low radio frequencies, as shown in observations taken by the WAVES instrument (Bougeret et al., 1995) in Figure 1 . The farside of the Moon, however, offers a unique radio quiet environment where both ionospheric effects are mitigated and RFI from Earth is highly attenuated. Characterizing this radio quiet region through numerical simulations is therefore of great importance to low frequency radio experiments and is the basis of this work.
In order to determine the level of attenuation required to perform sensitive low frequency observations, we note that the maximum intensity of RFI relative to the galactic background, as shown in Figure 1 , is ∼10 dB, which means that the intensity is a factor of 10 greater than the galaxy. The brightness temperature T b is defined as the temperature of a blackbody that would produce the equivalent amount of radiation observed. In the Rayleigh-Jeans limit at low frequency (i.e. hν kT ), the power received by an antenna in a given frequency band is given by the following relation,
(1)
Since intensity is simply the power transferred per unit area, the intensity within the frequency band ∆ν is directly proportional to the brightness temperature,
The brightness temperature of the RFI relative to the brightness temperature of the galaxy is thus also a factor of 10. Assuming that the galaxy has a temperature of 5000 K at 50 MHz and a spectral index of 2.5 (Bowman et al., 2018) , the temperature of the galaxy at 17 MHz 2 is approximately 75,000 K. The temperature of the RFI is then 750,000 K. Assuming that we need the RFI brightness temperature to be ≤ 15 mK, then the amount of attenuation required is 10 log 750, 000 0.015 = 77.0 dB .
For the remainder of the paper we adopt -80 dB as the relative intensity threshold for the radio quiet region.
In previous work on the radio quiet environment of the lunar farside, Pluchino et al. (2007) adopted the approximation that the Moon can be modeled as a straight edge such that the diffraction of radio waves around the edge can be calculated analytically. This model does not consider the electrical properties of the lunar material and may also be limited by the geometry of the straight edge, which does not take into account the presence of lunar material beyond the edge where the diffraction occurs. Takahashi (2003) took a similar approach to that presented below in this paper, utilizing a Finite Difference Time Domain (FDTD) algorithm to numerically simulate the electromagnetic environment. In this work, we utilize advances in software and computing resources to extend Takahashi's method and investigate further the interaction between the Moon and electromagnetic radiation.
We organize this paper as follows. Section 2 describes the numerical methods used to simulate the low frequency radio environment. Sections 3.1, 3.2, and 3.3 discuss the effect of frequency, topography, and density of the Moon on the results of the simulations, respectively, while in Section 3.4 we model the results such that they can be extended to higher frequencies. Section 3.5 presents a Python package, which allows for direct calculations of the size of the quiet region based on the results of our simulations. Section 4 considers applications of our results for low frequency experiments and other lunar missions. Finally, we conclude by presenting a summary of the work in Section 5.
Methodology

Finite Difference Time Domain
Maxwell's equations describe the behavior of the Electric (E) and Magnetic (B) fields and how they interact with matter. With the exception of a few special cases, this set of partial differential equations may be difficult or impossible to solve exactly under the constraints of initial and boundary conditions. Instead, numerical methods can be used to find approximate solutions under arbitrary conditions. The FDTD algorithm is one such method for computational electrodynamics simulations, which discretizes both time and space onto a finite grid. A central-difference approximation to the partial derivatives, as outlined in Yee (1966) , is utilized to compute the time-evolution of Maxwell's equations. In order to perform the necessary discretization with secondorder accuracy, FDTD methods calculate and store the E and B components at different locations on the grid, creating what is known as a Yee lattice. The fields are then be interpolated to a shared location before the output is stored or some value of interest such as energy density is calculated. As the size of the grid spacing and the time steps is decreased, the approximation approaches the continuous equations.
The MIT Electromagnetic Equation Propagation (Meep) software 3 used for this project is an open-source implementation of the FDTD algorithm available in Python, Scheme, and C++ (Oskooi et al., 2010) . Meep includes a number of useful features such as dispersive materials, perfectly matched layers (PML) for simulating open boundary conditions, a variety of options for computing and outputting fields, and support for distributed memory parallelization.
The FDTD algorithm is only one of a wide variety of numerical methods for simulating electrodynamics. However, in contrast to other methods, which are often limited in their application, FDTD has the advantage of both versatility and simplicity. A wide variety of materials and conditions including nonlinear media can be simulated within the basic FDTD framework without altering the underlying algorithm. The algorithm also has the added benefit that it can be easily parallelized to take advantage of supercomputers such as NASA's Pleiades supercomputer, which was used for this project. For these reasons, the FDTD algorithm was determined to be the optimal method for performing simulations of the lunar environment at low radio frequencies.
Geometry and Setup
The geometry of the Earth-Moon system is relatively simple to model for our purposes via two spheres separated in space by 384,400 km. The rotational symmetry of the system allows the simulation to be confined to two dimensions, significantly reducing the computational resources required. However, the large distance between the Earth and the Moon still poses a challenge due to the unrealistically high number of points needed to create a grid covering the entire system. Instead, we limit the grid to a 4000 × 4000 km region centered around the Moon. Reflection symmetry about the Earth-Moon axis allows us to reduce the number of grid points by half, further decreasing the necessary number of computations.
In order to approximate the electrical properties of the Moon, expressions for the electrical permittivity (ε) and the loss tangent (tan δ) at the lunar surface provided in Heiken et al. (1991) were used. Both expressions depend on the density ρ as follows,
We used the average lunar density (ρ = 3.34 g cm −3 ) to determine the average values for these electrical properties and then employed them in our primary simulations. For more details concerning the lunar density profile and its effect on the RFI quiet region, see Section 3.3. Due to the two dimensional nature of the simulation, the orientation of the E and B fields must also be taken into account. In the Transverse Electric (TE) mode, the electric field lies within the plane of the simulation while the magnetic field is perpendicular to the plane. In the Transverse Magnetic (TM) mode the reverse occurs (i.e. the electric field is out of the plane). These modes become important when the waves interact with the dielectric material (i.e. the Moon). Simulating the Moon as a circle in a 2D simulation is analogous to simulating an infinite cylinder in 3D space, rather than a sphere. For the TM mode, the E field is oriented along the infinite axis of the cylinder. For a physical system in this orientation, charges in the cylinder would be excited by the E field and move along the infinite axis. For the TE mode, the electric field is tangential to the circle in the 2D plane so charges would move along the circumference. Since the latter scenario is a closer approximation to a 3D sphere, which has no infinite axis, we choose to use the TE mode in our simulations.
The edges of the grid need to mimic the boundary condition of the theoretically infinite open space that lies beyond the finite domain of the simulation. For this, we place a perfectly matched layer (PML), as introduced in Berenger (1994), along the edge of the grid to absorb outgoing waves. Commonly used in many FDTD simulations, PMLs are constructed such that waves in- cident on the PML are prevented from reflecting off of the boundary back into the interior.
Due to the small size of the domain of the simulation, the source creating the electromagnetic radiation must be placed close to the Moon. To simplify the simulation, the radiation is assumed to be in the form of a plane wave. Although this is not strictly true in reality, the wavefronts created by sources on Earth will expand such that a plane wave is a good approximation near the Moon. This approximation also represents the worst case scenario in regards to the level of attenuation due to diffraction. When the spherical wavefront reaches the Moon, some of the radiation will be traveling at an angle opposing the direction in which diffraction is acting. The result is that the wave must be diffracted slightly more in order to reach the same point behind the lunar farside.
Although FDTD algorithms propagate the E and B fields through the simulations, characterizing the radio environment requires the intensity of the electromagnetic radiation at any given point. The intensity can be easily calculated from the fields after they are interpolated onto a common The geometric quiet region, neglecting the effects of diffraction, is indicated by the grey background between 90 and 270 degrees. The black dashed line designates the 80 dB suppression level, which we have adopted as the threshold for the quiet region (see Equation 3 ). Even at frequencies as low as 10-100 kHz, there exists a large region on the farside where radio waves are sufficiently attenuated for sensitive low frequency experiments.
grid. In order to produce a meaningful intensity, the simulation is run twice, first without the Moon and then with the Moon included in the domain. In order to ensure that the intensity is not affected by the phase of the wave, the intensity is averaged over one full period. The relative intensity between the simulation with the Moon to the simulation without is able to directly measure the amount of attenuation provided by the Moon. It is important to remember then, that these results reflect only the effect of the Moon and not other factors such as free space path loss or attenuation by the Earth's ionosphere. The results of one such FDTD simulation are shown in Figure 2 .
Results
Frequency Dependence
Diffraction is a wave phenomenon, and as such it is dependent on the frequency of the radiation. Lower frequency waves will be diffracted by a greater amount when passing around a boundary compared to higher frequency waves. In the case of RFI diffracting around the Moon, lower Figure 4 : Comparison of two different FDTD simulations at 30 kHz, one in which the lunar surface is assumed to be smooth (blue) and one in which elevation data from the LOLA instrument was used to model the topography lunar surface (orange). As in Figure 3 , the grey region indicates the geometric quiet region without diffraction. The results show that craters and mountains on the Moon create both constructive and destructive interference leading to differences in the intensity of the RFI. These small variations are on the order of a few dB. radio frequencies will be deflected by a greater amount and will therefore be less attenuated directly behind the lunar farside.
This dependence is illustrated in Figure 3 for a range of frequencies between 10 and 100 kHz. The amount of attenuation at a given location on the farside increases as the frequency of the radio waves is increased. Due to computational constraints, performing FDTD simulations at higher frequencies, such as the 10-200 MHz region where the 21-cm spectrum resides, is not currently feasible. As the frequency is increased, the wavelength becomes smaller and the distance between grid points must also be decreased. This requires more grid points to fill the domain, which in turn increases the computational load. The result is that simulating frequencies above 100 kHz is extremely expensive, even with supercomputing resources. However, lower frequency simulations are able to place a lower limit on the size of the radio Quiet Cone Widths (ν = 10 kHz, -80 dB) 0 km 50 km 100 km Table 1 : Comparison of the width of the quiet region (at 80 dB attenuation) for a range of heights above the lunar surface. The colors refer to the curves in Figure 5 . The data illustrate that using the constant density profile produces a lower limit on the size of the quiet region.
quiet region, where RFI is attenuated by at least 80 dB, due to the fact that diffraction will be a smaller effect at higher frequencies.
Topography
The results in Section 3.1 assume that the Moon is a perfect sphere, which translates to a perfect circle in the two dimensional space of our simulations. In order to investigate the effect of the topography of the Moon on the amount of attenuation at radio frequencies, elevation data at the lunar equator from the Lunar Orbiter Laser Altimeter (LOLA; Smith et al. 2010 ) instrument on the Lunar Reconnaissance Orbiter (LRO; Chin et al. 2007 ) was used in an FDTD simulation to approximate the general topography of the Moon. Figure 4 shows the results of the simulation including the surface elevation data compared to the simulation assuming a perfect circle. Although the topography of the Moon will certainly affect the propagation of RFI signals, the difference in intensity is small and for the most part can be ignored. This effect may play a bigger role at specific locations on the lunar surface such as inside very deep craters.
Density Profiles
The electrical properties of the Moon depend on the density of the material, as shown in Equations 4 and 5. The propagation and diffraction of radio waves behind the farside should then depend on the density profile of the lunar interior. The results shown from previous simulations assumed a constant density profile equal to the average density of the Moon (ρ = 3.34 g cm −3 ). This constant profile significantly overestimates the density of the regolith near the surface and may underestimate the density deep in the interior.
As an initial test, we performed simulations with a constant density profile that instead of assuming the average density uses a much lower value representative of the lunar regolith. The consequence of using such a small value for the density is that the material has a very low loss and low frequency waves are largely able to pass through the material unattenuated. Assuming the electrical properties at the surface throughout the interior is clearly not a good approximation for the true electrical properties of the Moon.
To investigate further we introduce a spatially variable density profile. Due to the difficulty of measuring density deep in the lunar interior, we compare two separate profiles. The first profile is a continuously varying function given by Heiken et al. (1991) ρ = 1.39(z/cm) 0.056 g cm −3 ,
but is only based on measurements down to a depth of a few meters. The second profile is a stepped function given by Weber et al. (2011) based on the analysis of lunar seismic data. The Table 2 : The width of the radio quiet region calculated for a range of heights and frequencies.
-80 dB was used as the intensity threshold for all of the values in this table. The width in the limit that ν goes to infinity is equivalent to the width of the geometric cone (i.e. the dashed lines in Figure 6 ).
density profiles and their effect on the quiet region are compared in Figure 5 and Table 1 . The difference in the size of the quiet region for the three profiles is small, but it is important to note that the constant profile (blue) produces the least amount of attenuation and can be used as the 'worst case' lower limit on the size of the quiet region. Although one might expect that the lower density (and thus lower loss) material near the surface in the orange and green profiles would produce a smaller quiet region, the higher density material deeper in the interior has a greater loss, which counteracts the surface material and increases the size of the quiet region. For this reason, we choose to report simulation results for the constant density profile in the remainder of the paper.
Extrapolation to Higher Frequencies
As mentioned in Section 3.1, computational resources limit the frequencies at which FDTD simulations of this system are feasible. In order to estimate the size of the quiet region at higher frequencies, we propose a model that fits the data from simulations performed at lower frequencies.
We model the width of the quiet region as a function of frequency as
where w max is the maximum geometric width (i.e. the dashed lines in Figure 6 ), ν is the frequency, and a and b are the coefficients determined by the fit. This model is motivated by the scale invariance of the system in terms of frequency. At a frequency of 10 kHz, the corresponding vacuum wavelength is 30 km. This wavelength is much smaller than the size of the Moon with a radius of 1737 km. As the frequency increases, the wavelength will become an even smaller fraction of the size of the Moon. At these higher frequencies there is no reason to believe there exists any scale at which the behavior of the system will change. This leads us to assume that the width of the quiet region should always vary in proportion to the change in frequency, which is the behavior of a power law. Figure 6 shows the outcome of applying this model to the results from our simulations.
Calculating Quiet Region Width
The width of the quiet region depends not only on the frequency of the radiation, but also on the height above the lunar surface and the threshold chosen for the acceptable relative intensity. From the FDTD simulation results, we calculate the values of the power law coefficients a and b for a grid of height and intensity threshold values. We then interpolate over the grid with a two dimensional cubic spline such that the coefficient values can be calculated at any point within the height-intensity threshold parameter space. A Python package for calculating the width of the quiet region based on our FDTD simulations is made available for open-source use. 4 Given a frequency, height, and intensity threshold, the calc width function will calculate the width of the quiet region in degrees. In order to ensure robust results, note that the interpolation is only valid for 0 km < h < 150 km and −90 < dB < −50. Table 2 provides widths for a representative range of values of height and frequency. In order to estimate the uncertainty in the width, we examine the values of the power law coefficients a and b as a function of both height and intensity threshold. We find that the uncertainty in the values of the model coefficients are approximately ±7 for a and ±0.01 for b across the input parameter space. This generally corresponds to a level of uncertainty on the order of several degrees in the width of the quiet region, but decreases at higher frequencies. For further details regarding the determination of the uncertainty see Appendix A.
Discussion
21
-cm observations or other low radio frequency experiments requiring a quiet environment could be performed either directly on the lunar surface or in orbit of the Moon. In an orbiting experiment, observations would be taken while passing through the quiet region behind the farside. An orbiting experiment would be particularly conducive to a global 21-cm signal experiment, which requires only a single antenna, whereas any experiment requiring an array such as the 21-cm power 4 https://bitbucket.org/nbassett/lunar-rfi spectrum or direct detection of exoplanet magnetospheres would be better suited for the lunar surface.
The map of the Moon shown in Figure 7 reveals the large area of the farside covered by the radio quiet region. Even at frequencies as low as 100 kHz, RFI signals will be attenuated by at least 80 dB over a large portion of the farside. When the frequency is increased to 10 MHz, the quiet region covers nearly the entire farside including the South Pole Aitken Basin. This presents opportunities to deploy low frequency experiments in conjunction with lunar studies at geologically interesting locations on the farside such as the Schrödinger crater (Kramer et al., 2013) .
Conclusions
We have presented numerical simulations which model the low frequency environment behind the lunar farside. Mitigating terrestrial sources of RFI is vital for sensitive low frequency experiments such 21-cm observations or direct detection of planetary magnetospheres. Even above the Earth's ionosphere, observations would be significantly contaminated by terrestrial radio signals. The Moon, however, provides a unique environment where radio signals are heavily attenuated. This makes the lunar farside the optimal location for performing these low frequency experiments.
The simulations presented in this paper utilize a Finite Difference Time Domain (FDTD) technique for computing the time evolution of Maxwell's Equations. Average values for the permittivity and conductivity of the Moon ensure that the lunar electrical properties are integrated into the simulation. A two dimensional grid was constructed such that only a small area around the Moon was contained in the domain in order to limit the computational resources required. The consequence of this small simulation space is that the simulations only take into account the presence of the Moon and not other factors such as free space path loss, making our results a conservative estimate of the true level of attenuation of terrestrial radio sources.
The results of our electrodynamics simulations Robinson et al., 2010) . Blue and purple indicate lower elevations while yellow and red indicate higher elevations. Yellow stars signify several craters that may be of interest to low frequency radio experiments and/or lunar studies. The solid black curve denotes the ≥ 80 dB quiet region as determined from FDTD simulations at 100 kHz, while the dashed black curve is the ≥ 80 dB quiet region at 10 MHz extrapolated from the model outlined in Section 3.4. Note that due to libration, the quiet region will vary slightly in time, on the order of a few degrees both in Latitude and Longitude. This map was produced with the aim of identifying ideal locations for low radio frequency experiments on the lunar surface such as FARSIDE (Burns et al., 2019b) .
show that as the frequency of the radiation is increased, the amount of attenuation directly behind the Moon becomes greater and the size of the region defined by a given amount of attenuation widens. This behavior is to be expected because as the frequency is increased, the waves will be diffracted by a smaller amount, which leads to greater attenuation at any given point on the farside. Although performing FDTD simulations at frequencies in the MHz range is difficult due to computational limits, results for frequencies between 5-100 kHz are able to place a lower limit on the level of attenuation. We also simulate the effect of the topography of the Moon on the intensity of the RFI by using elevation data from the LOLA instrument on the Lunar Reconnaissance Orbiter. Our results show that while the craters of the Moon do have an effect on the propagation of radio waves, the effect in the intensity of these waves on the farside is small, less than 5 dB at most. As mentioned in Section 1, this work was per-formed to verify and extend previous studies of the lunar radio quiet region. The results from our FDTD simulations agree generally with the findings of Takahashi (2003) , which utilized a similar approach to numerically simulate the electromagnetic environment. In this work, however, we were able to directly simulate radio waves up to 100 kHz, a higher frequency than previous simulations were able to achieve. The results of this paper and Takahashi (2003) both predict a much larger amount of attenuation than that of Pluchino et al. (2007) . On the surface of the farside, Pluchino et al. (2007) predicted a maximum level of attenuation of ∼ 70 dB for radiation with a frequency of 100 kHz, which is much less than the ∼ 200 dB attenuation predicted by this work. This discrepancy can be explained, however, by the limitations of the straight edge approximation made by Pluchino et al. (2007) . The straight edge cannot take into account the matter both in front of and behind the diffracting edge, both of which play a significant role in the attenuation of radio waves.
It also assumes that the straight edge is a perfect conductor, neglecting the electromagnetic properties of the lunar material, which should affect the propagation of radio waves. Although we limited our simulations to frequencies ≤ 100 kHz due to computational demands, we proposed a power law model for extrapolating the width of the quiet region to higher frequencies. This model is motivated by the assumption that its frequency dependence is invariant, as described by a power law. The best fit parameters for the model were calculated for a grid of heights above the lunar surface and intensity thresholds for the quiet region. An interpolation was then performed over this grid such that the width of the quiet region can be calculated from any combination of the frequency, height, and dB threshold (within the specified bounds). In the lunar-rfi repository, we made publicly available a Python package that implements this model to calculate the size of the quiet region, with which we determine spans 172.1±0.6 degrees at 10 MHz with a threshold of -80 dB. By directly mapping this region onto the lunar surface, we facilitate planning possible locations for future low radio frequency experiments.
We conclude by noting that our simulations reveal that a large portion of the lunar farside is sufficiently shielded from terrestrial RFI such that sensitive low frequency observations can be performed. This quiet region provides significant opportunities for science that cannot be performed from the ground or Earth orbit.
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Appendix A. Model Uncertainty
As described in Section 3.4, the width of the quiet region depends on the frequency, height above the surface, and chosen intensity threshold. For a given height and intensity threshold, we use the power law given by Equation 7 where h is the height and I t is the intensity threshold. The values of a(h, I t ) and b(h, I t ) are plotted for a range of values of h and I t in the top panels of Figure A .8. In every case, the coefficients are approximately linear as a function of the chosen intensity threshold. We assume that any variations on top of the linear behavior are due to systematic or numerical effects. One possible systematic that may cause regular variations is the finite nature of the FDTD grid. The edge of the Moon in 2D will not be a perfect circle due to the grid spacing. These imperfections may introduce artifacts into the simulations when interacting with the propagating waves.
Under the assumption that the variations are caused by systematics or numerical effects, we fit a linear model to each curve and examine the residual (shown in the bottom panels of Figure A.8) . We then adopt the maximum deviations in the residuals as the uncertainties in a(h, I t ) and b(h, I t ), which are approximately ±7 and ±0.01, respectively. When calculating the width of the quiet region, these uncertainties in the coefficients can straightforwardly be translated into uncertainties in degrees. This calculation is included as a feature in the lunar-rfi repository referenced in Section 3.5. The small errors in this first order estimate of the uncertainty in our model lends additional reliability to the results of our simulations.
